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G. M. Hale
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Theoretical Division
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ABSTRACT

Some general aspects of parameterizing nuclear re-
action data with a unitary, multichannel theory are
discussed. The special case of R-matrix theory is con-
sidered, where the explicit separation of long- and
short-range forces and the natural occurrence of energy
pole terms afford a number of advantages in describing
data for light-element reactions. Examples are given
for both neutron- and charged-particle-induced reac-
tlons which illustrate multichannel R-matrix tech-
niques, including the use of charge symmetry to relate
data for mirror systems. The limitations of conven-
tional R-matrix methods are discussed briefly.

INTRODUCTION

Nuclear data evaluation often involves the parametric repre-
sentation of experimental measurements to produce smooth func-
tions of incident energy and scattering angle. To build in even
the simplest of the conservation laws for nuclear interactions,
e.g., flux, total angular momemtum, and parity, one necds to pa-
rameterize the unitary collision matrix, U. [l] The most famil-
far of these is a direct parameterization of U in terms of phase
shifte, absorptions, and wixing angles. Howevelr, +the unitary
realizations of U in terms of these parameters becomes {increas-
ingly cumbersome as the number of coupled states excecds two.
Furthermore, the ennrgy dependence of these parameters, which
comes in great part (especially st low encrgies) from the known
long-ranged parts of the interactions, remains unapecificd.

These difficulties with the direct parameterization of the
collision matrix can be circumvented by using R-matrix theory.
[2) Following a simplified 1illustration of multi-reaction data
analyses using a unitary description, we shall introduce the pa-
rameters of R-matrix theory in a brief summary of the formalism.



Unitary Description of Nuclear Reactions

At sufficiently low energies, a system of interacting nu-
clear particles aventually separates into pairs of clustered
fragments which mutually interact only through Coulomb forces (if
present). In regions of configuration space where this separa-
tion holds (the "internal region"), the radial wavefunction de-
scribing the relative motion of any possible two—body arrangement
channel ¢ can be expressed as

u () = I (r) z' O.v (2D U v (1)
where the collision matrix elements U , are amplitudes of outgo-
ing spherical waves O , in each of thé channels c' for incoming
spherical waves 1 norfalized to unit flux incident in channel c.
Conservation of %the (unit) incident flux in all the outgoing
channels implies unitary of the collision matrix,

w' vl . (2)

The results of any scattering measurement done on the system
can be expressed as bilinear combinations of the elements of U.
In particular, the differential, integrated, and total cross sec-
tions for uncharged incident particl.s are given by
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where the factor F = [k2 (251a+1)(2 +1)Tl is defined in terms
of the incident center-gf-mass wave number ka and spins « and
s. » The channel label ¢ contains an arrangement index a and the
qugntum numbers s, &% and J, for spin, orbital angular mowmentum,
and total angular momentum, respectively. The coefficients Z are
related to those of Blatt and Biedenharn, as defined in Ref. [3].

The unitary conditions (2) satisfied by the collision matrix
impose strong constrain.s on data for different reactions calcu-
lated from relations like Eqs. (3)-(5) for the cross sections.
To i1llustrate this, we consider the simple case of only two coup-
led states, each of which belongs to a different arrangement a.
The 2 x 2 collision matrix is conveniently parameterized in terms
of Stapp's "nuclear-bar" parameters [4] by

n 82161 1',1_.”2 21(61+52)
U= . (6)
1/1-n2e1(6l+62) n eZi 5,

In addition to being unitary, the matrin 1is symmetric as is re-
quired by time-reversal invariance. [!l]

We see the unitary and time-reversal conditions allow a pa-~
rameterization of U in terms of only three real parameters, §&,
65, and n, which are, in principle, completely determined by ana-
lyzing (1,1) and (2,2) scattering data. Thus, in this simple
case, data for the (1,2) reaction are completely redundant with
(1,1) and (2,2) scattering data. Of course, in most cases of in-
terest, other states must be taken intn account that dilute these
simple results, but the tendency of unitarity to relate data for
different reactions remains, particularly near resonances vhere
the dominance of a few states more closely approximates the
gluple situation described above.

The ability to include redundant dai. from different sources
has clear statistical advantages in the determination of parame-
ters by fitting experimental measurements. The parameters are
better defined simply because their over determination s 1in-
creased, and they are influenced less by systematic errors in the
measurements, assuming these errors occur in random, uncorrelated
ways among data for different reactions., Including measurements
of observables other than cross sections (polarizations, etc.)
has much the same effect, and in addition, since they depend on
different bilinear combinations of the collision matrix elements,
tends to eliminate multiple solutions for the parameter valuus, a
well-known problem which plagues phase-shift analysea of cross
sections,

From the considerations above, it 1is ciear that evaluation
purposes are well served by a parameterization of nuclear reac-
ticns having a simple multichanne! generalization which, at a
minimum, builds in the unitarity and symmetry of the collision
matrix. R-matrix theory provides .such a parameterization which,




moreover, explicitly contains the dependence of the collision
matrix on the known, long-ranged forces. A brief, formal summary
of this theory 1s given in the following section.

R-Matrix Formalism

We outline here, for the sake of completeness, dicussion
which has appeared in previous contributions [5], [6] to cross
section and evaluation meetings, and which is equivalent to that
found in the literature. [2], [3], [7] R-matrix theory presumes
there exists a set of finite relative coordinates, called
“channel radii,” beyond which short-ranged forces vanish, and the
wavefunction has the form given in Eq. (l). These channel radii
(a_ ) define a "channel surface,” inside of which (i.e., the
"1fiternal” reglon) the wavefunction can be expressed as a formal
solution of the Schroedinger equation

ye@e+)ly %)

with the addition of a "boundary condition” operator
= ¥ |oe] == r_-B) (8)
: or ¢ ¢ '
c c

which projects onto the channel surface and makes the internal
hamiltonian operator H hermitian. [7] The “channel surface"”
functions 'c) in Eq. (8) are defined in terms of channel spin-
angle eigenfunctions of total angular momentum and parity, Y (r )
and the channel reduced masses, mc, by c ¢

2 1/2 6(rc-ac)
IC) " na - 7r Yc (rc) ’ (3)
cc c

and B are the real, energy-independent boundary condition num-
bers which characterize the theory of Wigner and Eisenbud. [2]

Using Eq. (8) in the projecti.n of Eq. (7) on the channel
surface gives

(c'|v) = Vee'foforte| = r- B |0 (10)
c C

where the Green's function operator

Cm(H+ -5} (11



is hermitian due to the choice (8) for . But because the
wavefunction and its first derivative are continuous across the
channel surface, the projection (c(¥) is simply Eq. (1) evaluated
at r = a ., Thus, Iq. (10) leads to a relation between elements
of thé R d%trix.

= ' 2
Rc'c z (c |G|c) , (12)
and elements of the unitary collision matreix U , appearing in

Eq. (l1). In matrix form, this relation is [3]

U - 210-1[1-R(L-B)]-1R0—1 + 1071 , (13)

where the incoming and outgoing spherical waves are evaluated at

r =a , as is the logarithmic derivative L = a 2 0./0 .
c c c c arc c c

The unitarity of the collision wmatrix U follows from the
hermiticity of the R matrix. Furthermore, R, being surface
matrix elements of the iInternal Green's function (11) depends
only upon the properties of the internal hamiltonian H, which is
dominated by nuclear forces. External Coulomb and an,ular
monentum effects are separated out in Eq. (13) and contained in
the surface functions O, I, and L. The real and imaginary parts
of L = S + iP are usually called the "shift" and "penetrability”
functions, respectively, while the phase of O is termed the "hard
sphere"” phase shift, ¢.

The hermiticity of G allows a simple and f.xillar expansion
for the R matrix. Since the elgenfunctions |x) satisfying

(H + )|>\) -E)\,A) , (14)

for real eigenvalues E. form a conplete orthonormal set {n the
internal region, G has éhe spectral expaneion

A
C= ¥ -LL.")_EE ' (15)
A A
from which it follows immediately that
Yooy Y
c'A ‘cr
RC'C - (c'!G!c) - g\ ______E}\_ B , (16)

where Y ™ (c|A) is the "reduced width" amplitude.



Equations (13) and (16) constitute the simple unitary, sym-
metric, multichannel description of nuclear reactions desired for
parametric fits to experimental data. The parameters of R-matrix
theory, the Y, and E_ , depend in principle upon the channel ra-
dii a and boundary conditfons B . But since one can transform
the pgrameters Y .»E, analytically from one boundary condition to
another [8], the values of B are of no practical consequence
(although they can be importanE in interpretations of the vy A and
E.)e In principle, the same 1s true of the channel radii’a ’
provided that they always exceed the range of the shorc—ranggd
inter-zluster forces. But in practice, the sum over levels in
(16) is always truncated, and the correspondence of the X and 2
for different radii is difficult to establish. Fourtunately, 1
appears in most cases that truncated level expansions can give
good descriptions of the data over finite energy reglons if the

channel radil are close to the sizes of the interacting nuclei
[a r (A{/3 + Aé/3)]

Qhe simple” pole terms of the R-matrix expansion can be made
to correspond with resonances of the interacting system of par-
ticles, However, discant-level, or “background” (sometimes
called Rm) poles usually iden:tified with shorter-lived “"direct"
procegses can also be included. Both types of terms are impor-
tant 1in describing reactions 1in 1light nuclei, and the off-
diagonal dlstant~level contributions to the R matrix usually can-
noc be neglected since they correspond to direct stripping and
plick=up mechanisms.

R-MATRIX CODES AND METHODS

Several codes have been developed to fit experimental data
with R-matrix parameters. The emphasis of some of the work done
with these codes 1s on nuclear structure studies, where the main
interest is in the values of the parametere; and of others, eval-
uation, where the fits to the data are of primary concern. In
either case, the calcuiational procedures are much the same. One
choses for a set of two-body channels in the sysgtem of interst
(usually the open channels in the energy range under considera-
tion) values of channel radii{ and maximum orbital angular momen=-
tum quantum numbers ( )« This defines a finite number of
states for the problemfmﬁoupled according to their vaiues of
total angular momentum and parity (JP). For each JY, a fi-
nite number of levels is specified by choosing level cigenener-
gles E, and channel reduced widths « Starting values for
many o? these parameters can be obt from compilations of nu=-
clear structure data [9] or from theoretical calculations. The
R-matrix elements a.2 formed accordling to Eq. (16) and combined
with the surface quantities derived from Coulomb wavefunctions to
give the collision matrix elements of Eq. (13), which are then
used in Eqs. (3)-(5) (or in corresponding relations) to calculate
the cross sections (or other observables), The R-matrix



parameters are adjusted to acheive a "best"” fit in some sense to
the experimental data included in the analysis.

Characteristics of some of the R-matrix codes currently be-
ing used are listed in Table I. MULTI [10] has been used in
nuclear-structure studies for neutrons incident on a variety of
heavy and light elements. Codes in the ORMAP sequence [11] have
been used to analyze and extract nuclear-structure information
from neutron elastic anf inelastic measurements done on light
targets between L1 and at Ohio University .

The RFUNC program is a single-channel (R~function) code used
at ORNL to evaluate the n-12C cross sections at energies below 2
MeV [12] for ENDF/B. A similar R-function program is used at
Yale University and at ANL. EDA [13] has been used to analyze
data for both neutron- and charged-praticle-induced reactions in
light systems between A = 4 and A = 17. The ENDF/B evaluation
for l‘He, and those for 6L1, 10B, 15N, and !% at low energles,
were based on R-matrix analyses using this code. EDA is the most
general R-matrix program available, but it requires large compu-
ters, whereas most of the other codes can be run on a PDP-10.

Different m=thods of preparing the input data are used 1n
analyses done with these codes. MULTI and EDA use the data di-
rectly, weighted in most cases by the quoted experimental errors,
assuming no correlations (other than overall normalizations) ex-
ist among the measurements. ORMAP analyzes Legendre coefficients
derived from the experimental data, neglecting correlations among
the input coefficients. 1In their !“% evaluation, Fu and Perey
[12] first estimated averaged values and covariances for six in-
dividual sets of total cross-section measurements, then combined
them using Baye's theorem to obtain a significantly reduced num-
ber of points and associated covariances for input to their
R-matrix analysis.

Three of the codes (MULTI, RFUNC and EDA) use automated
search routines to minimize the x? of their fits to the input da-
ta, thereby obtainirg information about the second derivatives of
X with respect to the R-matrix parameters. Twice the inverse of
the matrix of these second derivarives evaluated at the parameter
values which winimize the X gives the covariance matrix C for
the parameters p. A straightforward application of first-order
error propagation gives for the covariances among the cAalculated
cross sections,

y aql 00
cov (o,oj) - l'(zT'Tk Ck! ap! , (17)

where o, and o, can be cross sections for difference reactions,
for diféerent erlergiens, and for difrerent angles, and the deriva-
tives dd/dd are evaluated at the parameter values which minimize
X“«  Such calculations were used to provide the Lovarinnce files
at low energies for the ENDF/B evaluations of q,t. B and l!Z,



EXAMPLES

In this section, we present specific examples from analyses
done with EDA to enlarge on some of the polints made in the intro-
ductory sections and to 1llustrate R-matrix techniques which ap-
pear to account rather successfully for a large body of data from
reactions among light nuclel.

Low-Energy Behavior of Cross Sections

At low energles, one expects the incident particle to be af-
fected mainly by the long-ranged parts of the Interaction due to
its long wavelength. These 1are the parts of the interaction
(i.e., Coulomb and angular momentum effects) that are treated
"exactly"” 1in R-matrix theory. Indeed, all the simple dependen-
cles one expects for low-energy cr.ss sections~-"1/v" for exoer-
glic neutron-induced reactions, “constant” for neutron elastic
scattering with hard-sphere s-waves, "Gamow"” for charged-particle
induced reactions, ~tc.—-come automatically from the penetrabili-
ty functions P of the theory. These simple dependencies are mod-
iffed by the short-ranged effects contained in the Rsbatrix it-
self, which can be significant in the case of low--lying reso-
nances.,

As a first example, we show in Fig. 1 the ratio of the
10B(n a) and 6L.i(n a) cross sections as calculaed from the
R-matrix analyses of reactions in the !‘B and ‘Li systems to pro-
vide n-'YB and rn-®Li cross sections at low energles for ENDF/B-V,
compared to recent measurements done at NBS. The measured and
calculated shapes are normalized to 1 at 15 eV, so that one has
only a comparison of the shapes of the c¢ross sectlions as a func-
tion of energy. If both cross sections were strictly 1/v, the
ratio would plot as a horizontal straight line, and in fact, one
sees about a 2% deviation from this behavior up to 1 keV in both
the measurements and the calculation. In the calculations, the
deviation comes from a broad 7/2+ s-wave resonance which causes
the 10B(n,a) cross section to drop below 1/v. The 6Li(n,a) cross
section, having no low-lying s-wave resonances, remains close to
1/v in this region. The break in the measurements at energles
below 10 eV is not {%t understood, but is believed to be a molec-
ular effect in the "“BF 3 crystal.

A similar plot in Fig. 2 shows the ratio of the 10B(n,a) to

He(n.p) cross sections at energies below 50 keV., Again, the da-
ta are recent meuasurements by the NBS group, the solid curve is
the R-matrix calculation, and the dashed curve 1is the present
ENDF/B evaluation. A signi*icant departure from 1/v is caucted in
this case by a 0% resonance in the He(n.p) cross section located
just below the n- ‘He threshold. The departure enters gradually
fn the R-matrix calculation, as the data indicate, whereas the
evaluation, without the guidance of low-energy data, was forced
to make a rather abrupt transition between regions of 1/v and
non=-1/v behavior in the cross section.



Fig. 3 shows an example for an important charged-particle
fusion process, the T(d,n) He reaction. The Gamow penetrability
and 1/k“ factors have been removed from the cross section, leav-
ing an “astrophysical S~function" which presumably behaves as a
constant at low energies. In fact, the Jashed horizonral 1line
labled "Gamow extrapolation™ corresponds to the cross-section
values reported by .rnold et al. [14] in place of their own ex-
perimental measurem:nts [l5] at energles below 20 keV. The
R-matrix calculation clearly does not follow the Gamow dependence
at low energies due to a 3/2% s-wave resonance at 100 keV, and
tends to confirm the behavior of the original measurements [15].

Unitary Constraints Near Resonances

As was mentioned 1in the introduction, unitary constraints
near resonances can approach the simple situation 1llustrated by
the single 2 x 2 collison matrix. A good example 1s the cross
gsections for n-®Li near the 245 keV resonance, which has two
states coupled to JF = 5/27. A quick look back at Egs. (1),
(4), and (5) will show that for &) resonant (= %/2), the peak
total and reaction cronss sections are both determined by the n
parameter alone. Thus, the failure of the ENDF/B-IV R-matrix
analysis to fit both Diment's [l16] relatively precise total cross
sections and measurements [17,18] of the °Li(n,t) cross section
near the peak, as shown in Fig. 4, signaled a severe (>15%) uni-
tary inconsistency between measurements of the neutron cross sec-
tions, Additional input on the values of n was gained from pre-
cise (2,2) t-a elastic scattering measurements [19] over the res-
onance, which indicated that the calculated peak total cross sec-
tion needed to be raised and the peak (n,t) cross section some-
what lowered (the anti-corcvelation between the peak total and
(n,t) cross sections is also a consequence of unitarity). Cross
sections from the revised analysis (ENDF/B-V) including the pre-
cise t-a data are seen In Fig. 5 to agree well in the peak of the
resonance with later measurements of the total cross section [20]
and of the (n,t) cross sections [21,22], achieving unitary con-
sistency among the cross sections for this system near *“he peak
of the resonance to the order of 3%.

Charge-Symmetric Techniques

The fact that the R-matrix has the same symmetries ac the
internal hamiltonian, which is dominated by nuclear forces, can
be exploited to introduce symmetry properties not shared by the
collision matrix. One of these 1s the charge symmetry of nuclear
forces, which means that nuclear forces in a system are unchanged
by the inte:change of protons and neutrons. This implies that
the R-matri) parameters for mirror systems are essentially the
same 1if the bounda:y condition numbers B are taken to be the
same. The parameters need to be corrected for internal Coulomb
effects which can be treated perturbatively, as was described at
the Harwell meeting [23].



We have used charge-symmetric R-matrix analyses to describe
successfully data from mirror reactions iIn the 4-, 5-, and
7-nucleon systems. The ENDF/B “He evaluation, for instance,
comes from an R-matrix analysis which describes n-a and p-a data
simultaneously with essentially the same parameters. The example
shown in Fig. 6 1s a charge-symmetric prediction for the n-T
total cross section from an R-matrix analysis of p-’°He scattering
data below 20 MeV. The differences between the prediction (solid
curve) and the ENDF/B evaluation (dashed curve), which is repre-
sentative of all but thz most recent data, are quite large at en-
ergles below 1 MeV. However, a precise new measurement of the
total cross sectlon done at LLL [24] appears to confirm the pre-
diction at low energles, which resolves a long-standing conflict
between measurements of the low-energy n-~T cross section and
those of the coherent scattering length [25].

LIMITATIONS OF CONVENTIONAL R-MATRIX THEOKY

The first limitation one encounters in applying R-matrix
theory to the description of light nuclear reactions is the re-
striction to two-body channels. Especially when deuterons are
involved, the thresholds for three— (and more) body channels
occur at relatively low energies. Such channels can be accounted
for approximately by treating them as pseudo two-body channels in
which pairs of the particles are resonant. This treatment {is us-
ually adequate to account for absorption in the two~body channels
due to three-body states and can even be used to fit three-body
spectra If the widths of the resonating sub-structures are
properly taken into account.

The second limitation of the theory that is important {in ap-
plications to light nuclei is the assumption that the channels
for different arrangements are orthogonal at f{inite channel
radii. This orthogonality 1s automatic for chanrels having the
same two—-body arrangement, and holds for channels from different
arrangements 1f the channel radii are infinite, but 1in pgeneral
the overlap 1s non-zero for channels from different arrangements
at finite channel radii.

Including channel non-orthogonality affects the relation
(13) between the R matrix and the collision matrix, U, in that
the quantities I and O no longer remain simple, diagonal matrices
of Coulomb wavefunctions. Unfortunately, the cff-dlagonal ele-
ments of these matrices become complicated integrals that cannot
br evaluated in a model-independent manner. However, taking such
contributions into accounL with a simple three-particle model,
for instance, would build Into R-matrix theory the particle-~
exchange effects that have been speculated tc be important in ex-
plaining, for example, the large l/v cross section at low ener-
gies in the ®Li(n,t) “He reaction.



CONCLUSIONS

The introductory discussion and examples given were intended
to present two main points; first, that unitarity is a necessary
and useful theoretical constraint to impose upon the evaluation
of microscoplc nuclear data, and second, that R-matrix theory
provides a unitary framework particularly well-suited for de-
scribing reactions in light nuclei. The full advantages of this
approach for evaluation purposes are realized only by doing
multi-reaction analyses, including data for a variety of observa-
ble types. This has been done, wherever possible, for the
R-matrix-based evaluations for “He, ®Li, !YB, %, !°N, and !0,
and perhaps should be used to update evaluation- for some of the
other light elements in ENDF/B,

Users of R-matrix codes for data evaluation appear to agree
on the desirability of diluting the influence of any one data set
on the final results, either by including a large number of data
sets directly in the analysis or by precombining measurements of
the same quantity. The seccnd approach, if it 1s done in a sta-
tistically unblased fashion, obviously has merit when some of the
data sets contain unmanageably large numbers of points. The com-
plication in this case, however, is that covarlances must be sup-
plied with the 1input data.

Finally, we conclude with the observation that this basical-
ly successful approach to describing charged-particle and
neutron-induced reactions has some interesting areas for further
study. A more sophisticated treatment of the internal Coulomb
corrections we are making to R-matrix parameters would improve
the predictive capability of this technique and possibly allow a
better assessment of the consistency of data for mirror reactions
with charge symmetry of nuclear forces. An approximate account-
ing for three-body channels and for channel non-orthogonallty at
finite radii could result in more detailed agreement with experi-
mental measurements and a better undertanding of the origin of
certaln non-resonant features in Lie data.

Most of the analyses described here using EDA were done in
collaboration with D. C. Dodder and K. Witte. 1 am grateful to
C. Bowmzn and A. Carison at *he National Burcau of Standards for
providing Figures 1 and 2 showing some of their recent measure-
ments prior to publication.
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TABLE 1

CHARACTERISTICS OF SOME R-MATRIX CODES IN CURRENT USE

Code:
Developed at:

Incident
particles:

No. arrangements:

No. levels/JP:

max.

Types of data
analyzed:

Search Method:

Fits on:

g

MULTI

LLL(LASL)

neutrons

3

no limit¥*

Int. cross
gsections
for (n,n),
(nln')l
(an)!
(n,f)

Automated
Levenbory
Marquardt
algorithm

PDP=10

ORMAP

Ohioc U

neutromns

3

Legendre
coeffi-
clents
for o,P
up thru
L=5

Manual

PDF 10

Sub ject to overall etorage limitations

RFUNC
ORNL
neutrons
1 (epin O

target)

10

q,P

EDA

LASL
general
no

limit»

no
limic*

no
1iric*

general

Automated Automated

grid

Pr-10

rank=1
variadble
metric

ChC=7600
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FIGURE CAPTIONS

Ratio of relative shapes of the ‘YB(n,a) cross sections at
energles between 1 eV and 1 keV. The points are recent
measurements from NBS, and the curve If from R-matix
calculations used in the ENDF/B-V evaluations for ‘“B and

oLi L]

Ratio of the relative shapes of the ‘YB(n,a) and *He(n,p)
cross sections at energf{es between 10 eV and 50 keV. All
the points are maasurements by the NBS group. The 8o0lid

tu

curve 18 a claculation of ENDF/B=V B(n, a) cross section

relative to the JHe(n,p) cross section obtained from an

R=matrix analysis of reactions i{n the “He system; the dashed

curve is for the same l”B(n,cx) cross section relative to the

ENDF/B-V ‘He(n,p) cross sectlons.



3.

5.

Astro physical S-function for T(d,n)'He as a function of
laboratory energy. The solid curve is the R-matrix
calculation, and the dashed line is the Gamow extrapola‘’ion
reported by Arnold et al. [l4] in place of their measured

points [15] at energies below 20 keV.

Measurements of the n-%Li total cross section by Diment [16]
and of the 6Ll(n.t) reaction cross section by Coates [17]
and by Poenitz [18] compared to calculated values (solid

curves) from the R-matLrix-based ENDF/B-IV evaluation.

Recent measurements of the n=®Ll total cross section by
Smith [20] and of the ®Li(n,t) reaction croes section by
Lamaze [21) and by Renner [22) compared to calculated values

(molid curven) from the R-matrix-based ENDF/B-Y evaluation.

il



Coulomb-corrected, charge-symmetric prediction of the n-T
total cross section (solid curve) from an R-matrix analysis
of p—"’He scattering, compared with recent measurements by
Phillips [24) and with the ENDF/V-V evaluation (dashed
curve), which is representative of all previous

measurements.
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